Objective: To investigate whether the postprandial changes in plasma triacylglycerol (TAG), nonesterified fatty acids (NEFA), glucose and insulin concentrations in young men were the same if an identical meal was fed at breakfast and lunch, and if the response to lunch was modified by consumption of breakfast. Methods: In two trials (1 and 2) healthy subjects (age 2271 y, body mass index 2272 kg/m 2 ) were fed the same mixed macronutrient meal at breakfast at 08:00 h and lunch at 14:00 h. In the third trial, no breakfast was fed and the overnight fast extended until lunch at 14:00 h. Addition of [1,1,1-13 C]tripalmitin to one meal in each trial was used to distinguish between endogenous and meal-derived lipids. Results: The postprandial changes in TAG, NEFA and glucose concentrations were similar in trials 1 and 2. The change in plasma total TAG concentration was about two fold less (Po0.05) after lunch compared to breakfast. Postprandial NEFA suppression was the same after breakfast and lunch. Glucose and insulin responses were significantly greater following lunch suggesting decreasing insulin sensitivity during the day. Consumption of breakfast did not alter the postprandial total TAG or NEFA responses after lunch. Measurement of [
Introduction
The magnitude of the postprandial excursion of triacylglycerol (TAG) in plasma has been identified as a risk factor for cardiovascular disease (CVD). The principle changes in plasma TAG, nonesterified fatty acids (NEFA), glucose and insulin concentrations during the postprandial period are well recognised (Frayn et al, 1995 (Frayn et al, , 1997 Frayn, 1998; Sniderman et al, 1998) . Patients with CVD show increased duration of plasma TAG concentrations following a meal (Patsch et al, 1993; Karpe, 1997) , which has been suggested to be predictive of risk of myocardial infarction (Stampfer et al, 1996) .
The magnitude and duration of the elevated TAG concentration during the postprandial period differs between individuals and may also vary with differences in the macronutrient composition of the meal or the background diet. Variation in the postprandial TAG response between individuals has been attributed, at least in part, to gender (Georgopoulos & Rosengard, 1989) , ethnicity (Friday et al, 1999) , extent of visceral obesity (Couillard et al, 1998) and apolipoprotein E genotype (Bergeron & Havel, 1996) . Both the fatty acid content of a meal and of the background diet may modify the postprandial change in plasma TAG concentration.
The magnitude of postprandial lipaemia was reduced by increasing the n-3 polyunsaturated fatty acid content of a test meal in some (Zampelas et al, 1994a; Yahia et al, 1996) , but not all (Harris et al, 1988) , studies but was not affected by the amount of saturated, monounsaturated and n-6 polyunsaturated fatty acids (Weintraub et al, 1988; de Bruin et al, 1993; Zampelas et al, 1994b; Jackson et al, 1995) . In contrast, increasing the sucrose content of a test meal results in a greater TAG response (Mann et al, 1971; Cohen & Schall, 1988; Grant et al, 1994) and a biphasic pattern of change in TAG concentration (Shishehbor et al, 1998) during the postprandial period. Increasing the intake of n-3 polyunsaturated fatty acids in the background appears to reduce the postprandial TAG response (Harris & Connor, 1980; Harris et al, 1988; Weintraub et al, 1988; Brown & Roberts, 1991; Williams et al, 1992; Harris & Muzio, 1993) , although others have not found this effect (Lovegrove et al, 1997) . In contrast, a longer-term increase in carbohydrate consumption increases the postprandial TAG response (Nestel et al, 1970; Swanson et al, 1992) , which may be reduced by exercise (Koutsari et al, 2001) . The physiological mechanisms that underlie changes in postprandial TAG concentration in response to differences in meal and dietary fatty acid and carbohydrate intake are incompletely resolved.
The majority of reports describe the postprandial changes in TAG concentration following a single meal. However, it is difficult to apply the results of such studies to free-living individuals consuming sequential meals during the course of a day. For example, the extent to which the response to a mixed macronutrient meal may be influenced by consumption of a preceding meal has not been previously characterised. In the present study, we have measured TAG, NEFA, glucose and insulin concentrations in young men fed the same meal at breakfast and lunch in order to address two questions. First, do the changes in the concentrations of these metabolites in plasma during the postprandial period differ following breakfast and lunch? Second, is the magnitude of the postprandial response after lunch the same whether or not breakfast was consumed? Importantly, we have added [ 13 C]palmitic acid to one meal in each sequence in order to distinguish between the postprandial handling of plasma TAG and NEFA derived from the meal and from TAG and NEFA from endogenous sources. [1, 1, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]Tripalmitin was purchased from Masstrace (Woburn, MA, USA). Isotopic enrichment was 99 atom% excess. Solvents were from Fisher limited (Loughborough, Leicestershire, UK). Other chemicals were from Sigma (Fancy Road, Poole, Dorset, UK). Kits for measurement of plasma TAG, NEFA and glucose concentrations were from Sigma.
Materials and methods

Materials
Subjects
Subjects (n ¼ 6) were healthy young Caucasian men (22.371.4 years) with mean BMI 22.172.0 kg/m 2 . Fasting blood lipids and enzyme markers of liver disease were all within normal ranges (Department of Chemical Pathology, Southampton General Hospital, Southampton, UK). The study was approved by the Southampton, and South and West Hampshire Joint Research Ethics Committee, and subjects gave written consent.
Study protocol
Subjects maintained their habitual diet between trials, except that they avoided [ 13 C]-enriched foods for 72 h prior to each study, and refrained from strenuous exercise and alcoholic drinks on the day preceding the study. On the evening before the study, subjects ate a standardised meal and then consumed no further food for 12 h, but were allowed to consume water freely. The study commenced at about 08:00 h. A forearm vein was cannulated and a baseline blood specimen (10 ml) collected into a tube containing lithium heparin as anticoagulant. A drip delivering normal saline (0.9% w/v) at approximately 1 ml/min was used throughout the study to keep the cannula patent. The subjects were rested throughout the 12 h of the study.
Subjects participated in each of three trials in random order, one on each of three occasions at least 14 days apart. Trials 1 and 2 were essentially identical with the same meals consumed at 08:00 h and again at 14:00 h, except that the tracer [1,1,1-13 C]tripalmitin (700 mg) was included in the breakfast meal in trial 1 and in the lunch meal in trial 2. The third trial consisted of a prolonged fast (about 18 h) until approximately 14:00 h when the subjects consumed an identical meal to that used in trials 1 and 2, which contained [ 13 C]tripalmitin (700 mg). The test meal consisted of an emulsion prepared as a milkshake which provided a vehicle for the [ 13 C]tripalmitin tracer (Jones et al, 1999) Blood samples were separated into erythrocytes and plasma by centrifugation at 1,125 Â g at 41C for 15 min. Plasma was removed, mixed with protease inhibitors and stored at À201C as separate aliquots for each assay to prevent repeated freeze/thaw cycles. Triheptadecanoin (100 mg) and heneicosanoic acid (30 mg) internal standards were added to plasma (1 ml). Total plasma lipids were extracted with chloroform/methanol containing butyrated hydroxytoluene (50 mg/ml) (Folch et al, 1957) . TAG and NEFA were isolated by solid-phase extraction and converted to fatty acid methyl esters by reaction with methanol containing 2% (v/v) sulphuric acid at 501C for 18 h (Burdge et al, 2000) .
classes was determined by gas chromatography-combustionisotope ratio mass spectrometry . Tricosanoic acid methyl ester was used as isotopic reference standard (1.13 atom%) . Peaks were identified routinely by comparison of retention times relative to standards.
[ 13 C]Palmitic acid concentration was calculated as follows:
(a) Total palmitic acid concentration ¼ (peak area palmitateCpeak area internal standard) Â concentration of internal standard (mmol/l).
(b) Fractional enrichment of palmitic acid determined from extrapolation using an enrichment calibration curve.
(c) [
[ 13 C]Palmitic acid enrichments at natural abundance were TAG 1.1470.1 atom% and NEFA 1.1570.1 atom%, which did not differ significantly between lipid classes. Values greater than twice the standard deviation of natural [
13 C] abundance (upper limit for both lipid classes 1.16 atom%) were assumed to be isotopically enriched.
Measurement of plasma TAG, NEFA and glucose concentrations Plasma TAG, NEFA and glucose concentrations were determined by enzymatic/colorimetric assays using commercial kits (Sigma). All assays were conducted manually in duplicate in accordance with the manufacturer's instructions. The between assay coefficient of variation was consistently less than 5%.
Measurement of plasma insulin concentrations
Plasma insulin concentration was determined by radioimmunoassay by the Department of Chemical Pathology, Southampton University Hospital Trust, Southampton, UK.
Statistical analysis
Results are presented as mean7standard deviation concentrations. Statistical analysis of the changes in the concentration of TAG, NEFA and [ 13 C]palmitic acid during the postprandial period was carried out using two-way analysis of variance (ANOVA) with Tukey's post hoc correction for repeated measures in the same subjects. Comparison of areaunder-the-curve (AUC), time to peak and peak concentration of individual metabolites was by one-way ANOVA with Tukey's post hoc correction. Since insulin was only measured in selected sets of specimens, statistical comparisons between means were by Student's paired t-test.
Results
Changes in plasma total TAG concentration and [ 13 C]palmitic acid concentration in the TAG fraction after breakfast and lunch Plasma total TAG, total NEFA, [ 13 C]palmitic acid, glucose and insulin concentrations were measured in order to determine whether the postprandial response following lunch was the same as after breakfast (trials 1 and 2) following consumption of identical meals. Total plasma TAG concentration at the start of the study and the magnitude of change following breakfast expressed as AUC were the same in trials 1 and 2 ( Figure 1 , Table 1 ). After breakfast, plasma total TAG concentration increased significantly (Po0.05) to a peak between 2 and 3 h (trial 1: 1.3-fold; trial 2: 1.4-fold) and then decreased to levels similar to baseline by 6 h.
The postprandial change in plasma TAG concentration after lunch was the same in both trials 1 and 2, but decreased by 44-49% compared with breakfast ( Figure 1 , Table 1 ). After lunch at 14:00 h plasma total TAG concentration increased slowly than following breakfast with no clearly defined peak although there were indications of peaks between 7-8 h and 11-12 h. Plasma total TAG concentrations at the end of the study at 12 h were not significantly different from baseline.
Changes in [ 13 C]palmitic acid concentration in plasma TAG were used to distinguish the handling of TAG derived from the meal from endogenous TAG as VLDL (Figure 2 ). The pattern of change in [ 13 C]palmitic acid concentration in the plasma TAG fraction during the first 6 h after the meal was the same irrespective of whether the tracer was included in either the breakfast (trial 1) or lunch (trial 2) ( Figure 2 , Table 1 ). Peak TAG [
13 C]palmitic acid concentration occurred between 2 to 4 h after the labelled breakfast in trial 1, but Figure 1 Plasma total TAG concentrations determined at 1 h intervals over 12 h for trial 1 (') (breakfast followed by lunch), trial 2 (m) (breakfast followed by lunch) and trial 3 (J) (lunch without breakfast appeared to occur between 4 and 5 h in trial 2, although this difference was not significant. There appeared to be a slower decrease in [ 13 C]palmitic acid concentration between 5 and 7 h in trial 1, which was followed by a progressive fall in labelled palmitic acid level until 12 h.
Changes in plasma total NEFA concentration and [ 13 C]palmitic acid concentration in the NEFA fraction after breakfast and lunch The plasma total NEFA concentrations at baseline and during the postprandial period after breakfast and lunch were the same for trials 1 and 2 ( Figure 3 , Table 1 ). In addition, the overall change in total NEFA concentration (AUC) was the same after breakfast and lunch. Following breakfast, total NEFA concentration decreased (Po0.01) between 72 and 77% by 1 h, and then increased to similar levels to baseline by 6 h. After lunch, plasma NEFA concentration decreased (Po0.01) 80-83% by 9 h and returned to baseline levels by 12 h. The pattern of changes in plasma NEFA [ 13 C]palmitic acid concentration over the first 6 h after the meal was the same irrespective of whether labelled palmitic acid was consumed at breakfast or lunch (Figure 4 ). There was a second peak in [ 13 C]palmitic acid concentration at 6 h in trial 1 followed by a rapid decrease reaching minimum concentration by 9 h.
Changes in plasma glucose and insulin concentrations after breakfast and lunch Fasting plasma glucose concentrations were the same in trial 1 (5.370.6 mmol/l) and 2 (5.070.5 mmol/l) ( Figure 5 ). After breakfast, the maximum glucose concentration (6.170.7; 6.071.0 mmol/l), time to peak (272; 272 h) and overall response (AUC) (Table 1) were the same in trials 1 and 2, respectively. The changes in plasma glucose concentration were greater after the lunch time meal than after breakfast whether expressed as maximum concentration (trial 1: (1.3-fold; trial 2: 1.4 fold; Po0.01) or AUC (about two-fold; Po0.05).
Plasma insulin concentrations are presented for 0-12 h in trial 1 alone ( Figure 5 ). The maximum insulin concentration and time to peak was the same after breakfast (39.6721.6 mU/l; 272 h, respectively) and lunch (41.8725.0 mU/l; 272 h). However, the AUC for insulin concentration in plasma was significantly greater (20%, Po0.05) following lunch compared to breakfast (Table 1) . 13 C]palmitic acid concentrations determined at 1 h intervals over 12 h. In trial 1 ('), breakfast containing [ 13 C]tripalmitin was followed by lunch without labelled fatty acid. In trial 2 (m), breakfast without labelled fatty acid was followed by lunch containing [ 13 C]tripalmitin. In trial 3 (J), no breakfast was given, and a lunch containing [ 13 C]tripalmitin was given 6 h after the start of the study. Mean 7 s.d. values are shown. Arrows indicate meal times. There were no significant differences by two-way ANOVA between trials in [ 13 C]palmitic acid concentration at equivalent time points during the first 6 h after ingestion of labelled fatty acid.
Effect of consuming lunch without breakfast on the postprandial changes in the concentrations of total TAG, total NEFA, [
13 C]palmitic acid, glucose and insulin
In order to determine whether consumption of breakfast influenced the postprandial response after lunch, in trial 3 the overnight fast was extended for 6 h after 08:00 h so that lunch was the first meal of the day. Plasma total TAG concentration at baseline was the same as in trials 1 and 2 (Figure 1 ). Total TAG concentration decreased throughout the morning to approximately 50% (Po0.05) by 4 h (Figure 1 ). The pattern of change in total plasma TAG concentration after lunch expressed as AUC was the same as in trials 1 and 2 (Table 1 ). In addition, the change in [ 13 C]palmitic acid concentration in the plasma TAG fraction after lunch in trial 3 was the same as the first 6 h period after consuming the labelled meal in trials 1 and 2 ( Figure 2 , Table 1 ). Plasma total NEFA concentration did not change from baseline between 08:00 h and 14:00 h when subjects consumed lunch (Figure 3) . The decrease in NEFA concentration after lunch (Figure 3 ) and the overall suppression (AUC) of NEFA concentration (Table 1) were the same in all three trials. In addition, the increase in [ 13 C]palmitic acid concentration in the NEFA fraction after lunch was also the same in trials 1-3 (Figure 4 , Table 1 ).
Plasma glucose concentration did not change significantly from baseline values (5.070.5 mmol/l) throughout the morning ( Figure 5 ). Prior to lunch at 14:00 h, plasma glucose concentration was 5.371.0 mmol/l which was the same as trials 1 and 2 at the same time point. The AUC for plasma 13 C]palmitic acid concentrations determined at 1 h intervals over 12 h. In trial 1 ('), breakfast containing [ 13 C]tripalmitin was followed by lunch without labelled fatty acid. In trial 2 (m), breakfast without labelled fatty acid was followed by lunch containing [
13 C]tripalmitin. In trial 3 (J), no breakfast was given, and a lunch containing [ 13 C]tripalmitin was given 6 h after the start of the study. Mean7s.d. values are shown. Arrows indicate meal times. There were no significant differences by two-way ANOVA between trials in [ 13 C]palmitic acid concentration at equivalent time points during the first 6 h after ingestion of labelled fatty acid. Figure 5 Plasma glucose and insulin concentrations determined at 1 h intervals. Measurements of glucose concentration are presented over 12 h for trial 1 (') (breakfast followed by lunch), trial 2 (m) (breakfast followed by lunch) and trial 3 (J) (lunch without breakfast). Insulin concentrations are presented for trials 1 (') and 3 (J) only. Mean7s.d. values are shown. Arrows indicate meal times. *Indicates values significantly different (Po0.05) by two-way ANOVA between trial 3 compared to trials 1 and 2. Glucose concentration was significantly different (Po0.05) from baseline between 1-3 and 7-9 h in trials 1and 2, and 7-9 h in trial 3. Insulin concentration was significantly different (Po0.05) from baseline between 1-3 and 7-11 h in trial 1, and 7-11 h in trial 3.
glucose concentration over this 6 h period was 30% less (Po0.05) than in trials 1 and 2, but 50% greater (Po0.05) than in first 6 h period after breakfast in these trials (Table 1) . The maximum insulin concentration (41.7731.8 mU/l), time to peak (272 h) or AUC (Table 1) after lunch was the same in trials 1 and 3 ( Figure 5 ).
Discussion
The results of this study show that the increase in total plasma TAG concentration following lunch was suppressed compared to that when the same meal was fed at breakfast, although handling of TAG derived from the meal was not altered. There was no difference in the pattern of change in the concentration of total NEFA or NEFA derived from the meal between breakfast and lunch. However, the overall glucose and insulin responses were greater after lunch compared with breakfast. Furthermore, the handling of endogenous or meal-derived TAG and NEFA, of glucose and of insulin after lunch was not influenced by whether the same meal had been consumed at breakfast. Overall, these data show that the postprandial response to the same test meal differed between breakfast and lunch. However, the response after lunch was not altered by the consumption of breakfast.
The increase in plasma total TAG concentration following a mixed macronutrient meal is the net effect of meal lipid entering the circulation as chylomicron TAG and change in VLDL-TAG secretion on the one hand, and on the other, competition between chylomicron and VLDL particles for lipoprotein lipase (LPL) (Cohn et al, 1988; Karpe et al, 1993; Schneeman et al, 1993; Bjorkegren et al, 1996) . There was no significant difference in the overall change in labelled palmitic acid concentration in plasma TAG when given at breakfast or lunch. Thus, it is unlikely that the apparent suppression of the rise in total plasma TAG following lunch was due to variations in absorption and/or mobilisation of lipid from the meal by the gut, or that net TAG hydrolysis differed between breakfast and lunch. One possible mechanism to account for the lower postprandial change in overall total TAG concentration following lunch compared to breakfast is suppression of VLDL-TAG secretion by the liver. This is supported by the observation that addition of insulin to cultured cells (Durrington et al, 1982; Dashti & Wolfbauer, 1987; Sparks et al, 1989; Byrne et al, 1991; Salhanick et al, 1991) and acute hyperinsulinaemia in human subjects (Vogelberg et al, 1978; Lewis et al, 1993 Lewis et al, , 1994 Shumak et al, 1988; Malmstrom et al, 1997a) suppressed VLDL secretion. Furthermore, Malmstrom et al (1998) showed that hyperinsulinaemia suppressed secretion of VLDL 1 leading to a differential increase in VLDL 2 secretion. Thus, the TAG content of the VLDL particles was decreased while the number of particles secreted was not changed. In contrast, acute perfusion of rat liver with insulin increased VLDL secretion (Topping & Mayes, 1972; Laker & Mayes, 1984) , while Bulow et al (1999) reported a constant rate of VLDL secretion during administration of a hyperinsulinaemic euglucaemic clamp in human subjects. Such differences in the effect of insulin on VLDL secretion may reflect the choice of experimental model. However, it is important to note that the regulation of VLDL secretion by insulin has not been studied in a physiological model of meal feeding. If insulin does regulate VLDL secretion, it is possible that the greater insulin response after lunch compared to breakfast may have decreased VLDL-TAG secretion leading to a suppression of the postprandial rise in TAG concentration.
The change in total NEFA concentration following a meal reflects insulin-mediated suppression of adipocyte lipolysis, while the accumulation of [
13 C]palmitic acid in the NEFA pool results from incomplete entrapment of fatty acids released by hydrolysis of circulating TAG from the meal (Sniderman et al, 1998; Evans et al, 2002) . These data indicate that both the lipolytic response and the efficiency of fatty acid entrapment were the same after breakfast and lunch. However, the overall greater changes in plasma glucose and insulin concentrations after lunch are consistent with a progressive decrease in insulin sensitivity during the day (Jarrett & Keen, 1969; Carroll & Nestel, 1973; Service et al, 1983; Lee et al, 1992) . In addition, these results suggest that although the sensitivity of glucose disposal to insulin declined between breakfast and lunch, the response of LPL, HSL and VLDL-TAG secretion must at least have been maintained. Such divergence in the response to insulin between liver and adipose is consistent with the observation that the suppression of HSL activity by acute hyperinsulinaemia was maintained while VLDL secretion was unaffected in patients with noninsulin-dependent diabetes (Malmstrom et al, 1997b) . After breakfast in trial 1, [
13 C]palmitic acid concentration in the plasma NEFA fraction reached maximum at both 3 and 6 h followed by a rapid decrease to a minimum concentration by 9 h. The rapid increase in labelled palmitic acid concentration over the first 3 h probably reflects primarily direct release into the circulation of fatty acids derived from chylomicron TAG hydrolysis. The second rise and peak in [ 13 C]palmitic acid concentration may represent remobilisation of fatty acids derived that had been trapped by adipose tissue, as this coincides temporally with the increase in total NEFA concentration. The subsequent rapid fall in [ 13 C]palmitic acid concentration after lunch may reflect suppression of the release of fatty acids from adipose as it followed a similar time course to the decrease in total NEFA concentration. Alternatively, the fall in labelled palmitic acid concentration may have been because of uptake by the liver.
Total plasma TAG concentration decreased during the morning period prior to lunch in trial 3. This is consistent with Samra et al. (1996) . In contrast, NEFA and glucose concentrations were maintained. However, the response of all metabolites measured after lunch was the same whether breakfast had been consumed or not. This indicates that the consumption of a preceding meal is not a determinant of the response to lunch. However, it is possible that meals with a macronutrient composition different from the test meal used here may influence the postprandial response to a subsequent meal. These results also indicate that the suppression of the rise in total TAG concentration and the greater glucose and insulin responses are not the result of metabolic priming but appear to reflect the time of day at which the meal was consumed. Whether this reflects true circadian control of meal lipid and carbohydrate handling or entrainment to a habitual sequence of meals is not clear. While there is some evidence to suggest circadian variation in postprandial lipid response (Reaven et al, 1988; Romon et al, 1997) and in plasma total TAG concentrations (Barter et al, 1971; Schlierf & Dorow, 1973; Rivera-Coll et al, 1994) , the experimental designs of such studies do not exclude the possibility that such observations may reflect the frequency or macronutrient content of the test meals. Fielding et al (1996) and Evans et al. (1998) reported appearance of fatty acids in TAG in a chylomicron-rich lipoprotein fraction following the second meal of a two-meal sequence which was suggested to result from incomplete mobilisation from the gut of TAG from the first meal. We did not observe an increase in labelled TAG following the lunch in trial 1 where [ 13 C]tripalmitin was included in the breakfast which indicates that lipid was cleared from the gut before lunch was consumed. These differences between the current study and those of Fielding et al (1996) and Evans et al (1998) may reflect the interval between meals chosen, and the age, BMI and gender mix of the subjects (Cohn et al, 1988; Lewis et al, 1990) . In contrast, we observed a slowdown in the decrease in the concentration of labelled palmitic acid in plasma TAG between 5 and 7 h, which may represent incorporation of [ 13 C]palmitic acid into VLDL TAG. Overall, these data suggest that regulation of plasma TAG from endogenous sources, principally VLDL, but not chylomicrons during the postprandial period leads to differences in the magnitude of lipaemic response when the same meal was fed at breakfast or at lunch. One possible consequence of suppression of the postprandial rise in endogenous TAG concentration may be to limit the net accumulation of TAG within the circulation during the course of a day. If so, the metabolic disturbance associated with consumption of a fatcontaining meal may be less after lunch than breakfast. One practical interpretation of these observations may be to avoid consumption of fat at breakfast. If fat is to be consumed, it may be preferable to eat the fatty meal at lunch. Whether the capacity to downregulate endogenous TAG concentration is impaired in individuals with an exaggerated postprandial lipaemic response remains to be determined.
